Controlling the chemical composition of supported phospholipid bilayers (SLBs) on the micrometer and submicrometer scale has been a widely pursued goal in bioanalytical chemistry. For example, Jackson and Groves 1 applied scanning probe lithography to completely remove lipid membranes in pre-patterned 1 × 1 µm chromium arrays and then backfilled these regions with new lipid components. Orth and co-workers demonstrated ∼1 µm scale SLB patterning using an elegant polymer lift-off method. 2 Lenhert et al. 3 developed a dip-pen nanolithography method for patterning bilayer/multi-bilayer structures down to the 100 nm scale.
Controlling the chemical composition of supported phospholipid bilayers (SLBs) on the micrometer and submicrometer scale has been a widely pursued goal in bioanalytical chemistry. For example, Jackson and Groves 1 applied scanning probe lithography to completely remove lipid membranes in pre-patterned 1 × 1 µm chromium arrays and then backfilled these regions with new lipid components. Orth and co-workers demonstrated ∼1 µm scale SLB patterning using an elegant polymer lift-off method. 2 Lenhert et al. 3 developed a dip-pen nanolithography method for patterning bilayer/multi-bilayer structures down to the 100 nm scale.
These patterned membranes can be employed to address fundamental biophysical questions about cell membrane behavior. [4] [5] [6] For instance, Mossman and colleagues 5 showed that the radial location of T-cell receptors can be finely tuned in immunological synapses by using micropatterned SLBs. Wu et al. 6 demonstrated that micropatterned bilayers are useful for the visualization of membrane compartmentalization during receptor-mediated signaling. The fine patterning of lipid membranes may also serve as the basis for a variety of biosensor technologies. 7 One example is the formation of submicrometer-sized SLBs inside Au nanoholes (∼110 nm), which have been employed for label-free biorecognition in conjunction with localized surface plasmon resonance. 8, 9 Despite these successes, it is generally agreed that supported membrane patterning below the 100 nm scale would add an important new dimension to biophysical and bioanalytical studies. There should, however, be an ultimate size limit to free-standing SLB formation because these supramolecular architectures pay the cost of an edge energy in order to fuse to solid supports. 10, 11 Herein, we used atomic force microscopy (AFM) based nanoshaving to control the formation of SLBs down to the sub-100 nm level. Nanoshaving employs an AFM tip to selectively remove a preexisting thin film from a substrate. [12] [13] [14] [15] [16] [17] The shaved region can be subsequently backfilled with new materials such as an SLB. Our results revealed that lines of phosphatidylcholine bilayers possessing widths as thin as 55 nm can be patterned on borosilicate supports, but not lines with 36 nm widths.
A three-step process was conducted to create lines of SLBs as shown schematically in Figure 1 . First, a bovine serum albumin (BSA) monolayer was formed on a planar borosilicate substrate by incubation with a phosphate buffered saline (PBS) solution containing 10 mg/mL BSA. 18 Excess protein molecules were washed away with purified water and the BSA monolayer was subsequently dried under streaming nitrogen. In a second step, immobilized protein molecules were selectively removed with an ultrasharp AFM tip in air in contact mode to create vacant lines with varying widths. The force applied to the tip was ∼300 nN, which was sufficient to remove the protein without damaging the underlying surface. It should be noted that the Si tip was moved laterally in 2 nm steps in a process controlled by patterning software. The nanoshaving speed was 40 µm/s. The width of the patterned lines was directly measured by AFM (see Supporting Information). For convenience, 1 in 20 proteins was fluorescently tagged so that vacant regions could be observed by epifluorescence microscopy.
Backfilling was performed with a 0.5 mg/mL vesicle solution composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) with 2.0 mol % of a dye-labeled lipid (NBD-PE). 19 Small unilamellar lipid vesicles were incubated over the nanopatterned BSA substrate for 10 min. After rinsing with PBS solution, fluorescence microscopy clearly showed uniform fluorescence from 55 nm wide lines down to the diffraction limit (Figure 2a ). This is consistent with the presence of lipid material within the shaved regions. The mobility of the bilayer in this narrow region was confirmed by one-dimensional fluorescence recovery after photobleaching (FRAP) 20 measurements. Figure 2 panels b and c show the bleached spot immediately after it was made and 120 s later, respectively. The diffusion constant was ∼2.5 × 10 -8 cm 2 /sec with a mobile fraction of ∼0.97. The calculations employed for measuring diffusion constants and mobile fractions with 1-D geometries are discussed in the Supporting Information section.
Next, a series of parallel lines ranging from 15 to 600 nm were formed under an identical set of nanoshaving conditions. After nanoshaving, the Texas Red-labeled BSA monolayer was imaged by epifluorescence microscopy (Figure 3a) . Close-up AFM images for the identical protein line widths are provided in the Supporting Information section. At this point, POPC vesicles containing 2.0 mol % NBD-PE were introduced over the sample. Epifluorescence images of the nascently formed lipid bilayers from this process are shown in Figure 3b . The smallest bilayer lines created by this method were 55 nm. On the other hand, the lipid material completely and consistently washed away from the surface when Although sub-100 nm bilayer lines could be created, there is a clear size limit for POPC/glass bilayers. All free-standing SLB patches formed on solid supports (e.g., borosilicate glass) have an edge energy associated with them. Indeed, the bilayer is, presumably, highly curved along its perimeter to avoid exposing the hydrophobic lipid tails directly to water. 10, 21 The concept of edge energy per unit length (γ, J/m) 10 describes the curvature cost over a given distance. The reason micrometer-scale lipid bilayers readily fuse to planar supports is because the adhesion energy more than compensates for such line tension. 11 By contrast, the edge energy can be greater than the adhesion energy for nanoscale bilayers.
In the present case, bilayers are w µm wide and l µm long. Therefore, the edge energy, E e , and surface adhesion energy, E s , should be:
where W is the surface adhesion energy per unit area. Neglecting any interactions between the bilayer edge and the surrounding BSA molecules, the surface adhesion energy (eq 2) must be greater than or equal to the edge energy (eq 1) in order for a stable SLB to form: since the length of the bilayer lines (e.g., 40 µm) is 2 to 3 orders of magnitude larger than their widths, eq 3 can be reduced and rearranged to:
where the equality describes the minimum size for an SLB. The adhesion energy per unit area (W) of phosphocholine bilayers on glass substrates has been estimated to be ∼2.0 × 10 -4 J/m 2 in several reports. 9, [22] [23] [24] [25] Moreover, the typical edge energy per unit length (γ) of a phosphocholine bilayer is known to be ∼1 × 10 -11 J/m. [26] [27] [28] [29] [30] This leads to an estimated lower width limit of ∼100 nm. Such a value is in reasonably good agreement with our finding of 55 nm. However, our number implies that W may be somewhat larger and/or that γ might be somewhat smaller. A slightly lower value of γ in the present case, for example, might stem from a slightly favorable interaction between the bilayer edge and neighboring BSA molecules.
The size limitations found herein are almost certainly specific to the lipid composition of the membrane. Modulating the composition should lead to changes in γ. For example, supported bilayers composed of a mixture of long-chain phospholipids with a small concentration of 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) would be expected to have a lower edge energy and thus allow narrower line widths to be achieved. In fact, such compositions are often used to make lipid bicelles in bulk solution. 31 These pancake-like bilayer structures probably reduce edge energy by having a high concentration of DHPC along the edge. In fact, nanoshaving experiments with POPC bilayers containing 6.0 mol % DHPC showed that ∼36 nm wide lines could be made, but not ∼15 nm (see Supporting Information). Figure 3 . Epifluorescence images of (a) a nanoshaved BSA monolayer and (b) SLB lines. The top line, which is ∼200 nm in width, was used as a reference marker. The widths of shaved lines in (a) from 1 to 8 are ∼600, ∼300, ∼142, ∼103, ∼78, ∼55, ∼36, and ∼15 nm, respectively, as measured by AFM. The length of each line is 40 µm. The scale bar is 3 µm. Note, the vacant lines in (a) become increasingly difficult to observe by epifluorescence microscopy as the line width narrows. Green fluorescence emanating from these regions, however, should be trivial to observe even for the thinnest lines under the conditions of this experiment, if a bilayer is indeed present. E e ) γ × 2(w + l)
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